Integration of WLAN hotspots into next generation cellular networks requires considerations on location management, resource allocation, handoff algorithms and their sensitivity to mobility related features such as velocity of the mobile and the handoff delay. This article presents architecture for seamless location-aware integration of WLAN hotspots into cellular networks and provides an analysis for an optimal handoff decision in moving in and out of a hotspot. For a mobile station, it may be beneficial to know the whereabouts of the hotspots in order to facilitate optimal handoff between the two access networks. In an integrated cellular-WLAN environment, one has to consider location management as part of mobility management due to differences in the cell sizes of the two overlapping technologies. Location information acquired through GPS may be helpful in some cases for advanced location management. In this paper we propose a location-aware architecture to support vertical roaming among heterogeneous wireless access networks. The article includes a description of a preliminary system architecture and the procedures and algorithms needed to implement mobility and location management. In conclusion, a comparison is given of two handoff algorithms (power and dwell-timer based) for moving-in and moving-out transitions, and their sensitivity to mobile velocity and handoff delay.
Introduction
While third generation (3G) networks and handsets are gradually rolling into the markets, the interest of academic and industrial research is aimed towards systems beyond 3G. In many visions of systems beyond 3G, sometimes referred as 4G, network architecture consists of a combination of several optimized access systems with a common IP core network platform [1] . As the existing and emerging macro-, micro-and picocell networks often have overlapping areas of coverage, the mobile user may want to move among these heterogeneous networks by seamlessly switching between the serving access nodes [2] . In such a vertically overlapping multi-access network environment with multiple choices for network attachment, seamless mobility and handoffs across the heterogeneous access networks becomes a priority [3] . We refer to this type of a collection of overlapping heterogeneous networks as a vertical multi-access network. The term ''vertical multiaccess'' refers to the fact that the mobile user has several choices for selecting the network attachment. Seamless handoff requires considerations in many layers of communication. The term ''seamless'' refers to the fact that handoff from one access network or base station to another is unnoticeable to the mobile node (MN) user. This means that the definition of seamless handoff is application specific. Some applications require constant bit rate, while others are more tolerant to bit errors, delay and delay variations, and may be oriented for downloading as much data as possible over a short period of time. Connectionless applications, such as WWW browsers that use Hyper Text Transfer Protocol (HTTP), can handle longer breaks in communication, and the MN user can continue using the application, e.g., by simply going to a new WWW page in the browser. Real-time, connection and security-oriented applications (such as data base and remote shell applications) are more prone to losing connection due to switching network access or sporadic fading in the wireless channel. Our interest in this article is in applications requiring maximum throughput, but which are not very sensitive to delay or its variation. This type of application (e.g., downloading games or music files) could take advantage of the networking scenario discussed in this article, while passing through a hotspot.
In the networking technologies, there are many trends such as IP mobility, IPv6 and Ad hoc networking that have emerged as building blocks of the future mobile Internet. Emerging wireless technologies such as EDGE (Enhanced Data rates for GPRS Evolution), UMTS (Universal Mobile Telephone System), WLAN (Wireless Local Area Network) and UWB (Ultra Wide Band) promise higher bandwidths. There is an obvious trend towards interoperability and convergence among various wireless networks, as well as a tendency towards IP-based solutions. All-IP applications include peer-to-peer (P2P), VoIP (Voice over IP), SIP (Session Initiation Protocol), and video conferencing. In P2P, a mobile user may, e.g., share files from his/her mobile phone over the Internet. An important area for traffic optimization in these next generation wireless networks is to manage the mean throughput and the delay in the handoff process between heterogeneous networks. For the operator, vertical roaming provides, in some network set-ups, the means for network off-loading from GPRS to WLAN [4] , thus making vertical handoff a resource allocation instrument. Furthermore, location awareness has emerged for both cellular and local area contexts. Location awareness can be used as an attribute in routing [5] and handoff decisions [6] . Adding these elements together, one can imagine the future All-IP mobile Internet with plenty of bandwidth with high wireless data performance [7] , flexible and efficient routing and roaming possibilities, and rich application space. Naturally, there are many technical obstacles and limitations to overcome before this becomes reality.
In this article we present an architecture that suggests using location and cross-layer information (such as physical layer quality information) to trigger vertical handoffs, and compare two handoff algorithms from the perspective of how the difference in the effective data rates, the velocity of the terminal and the amount of handoff delay affects the mean throughput in the transition region, both in moving-in and moving-out scenarios. We analyze the usage of a variable length dwelltimer in entering and leaving the hotspot, and compare its benefits and drawbacks against power-based algorithms. Section 2 describes the proposed architecture for the location-aware handoff and discusses implementation of the handoff algorithms. Section 3 provides an analysis for calculation of throughput during the transition in and out of the hotspot. Section 4 provides simulation results and analysis with some discussions. Conclusions are given at the end in Section 5.
System architecture
There are two models in the literature for the integration of WLAN into cellular networks, the tight and the loose integration models. These two models represent current R&D means to achieve global mobility management [8] . The loose integration model facilitates vertical mobility management in the IP stack, putting emphasis on implementing roaming, mobility and security management in the network layer. The tight integration model is more favorable for the network operators where the mobility, security, QoS, billing and authentication features of GPRS/UMTS are facilitated over a WLAN access channel. As described in [4] , vertical mobility management in the tight integration model can be interfaced below LLC in the GPRS signalling model, and WLAN roaming can be implemented as micro-mobility within the area of an SGSN (Serving GPRS Support Node). The Inter-working Function (IWF) implements a thin layer of logic on top of 802.11 MAC to provide functionalities required by the LLC interface [4] . Our proposed architecture, illustrated in Fig. 1 , adds GPS-based location awareness to this architecture, so that the network can facilitate more accurate Cell area location management. Our architecture builds mainly on top of the tight integration model of WLAN and GPRS/ UMTS, but can be used with the loose integration model as well.
Our system architecture is based on the generic LCS (Location Services) architecture [7] , where we add a WLAN AP node in a similar fashion as discussed in [4] . Location and mobility management is distributed in the GSM/EGPRS-based network where entities such as the Gateway Mobile Location Center (GMLC), Serving Mobile Location Center (SMLC), SGSN (Serving GPRS Support Node), and Home Location Center (HLR) communicate to update the MN location, using the given interfaces. LCS service may provide interworking capabilities to support location-based services via the WLAN too [9] , but that is out of the scope of this paper.
In order to facilitate vertical mobility in an optimal manner, the system has to implement several functions:
• Entering hotspot algorithm to optimize data rates in moving-in transition area. • Leaving hotspot algorithm to optimize data rates in moving-out transition area.
• Location management in order to track the MN movement in the network and inform necessary network entities (such as the Home Location Register).
• A wake-up procedure may be needed if both network interfaces are not active all the time.
Location management and wake-up procedure
The GPRS system facilitates three levels of location management: cell, routing and location areas. When the MN moves, the location information is updated with Cell Update or Routing Area Update messages. The WLAN should support corresponding levels of location management [4] . When considering two overlapping systems and location-awareness in the handoff decisions, the differences in cell sizes become important. If the MN is aware of its location and WLAN cell location with accuracy of the cell area, then this may well be enough in urban environments where the cellular cell sizes are typically not very big. If the GPRS cell size is not significantly bigger than the WLAN cell, then it may be enough to signal to the MN that it is approaching a GPRS cell that is (fully or partially) overlapping with the WLAN. However, in rural areas where the cell area is big, cell area accuracy may be improved with the GPSassisted architecture depicted in Fig. 1 .
Let us imagine a world of seamless roaming between wide-area cellular networks (data rate R 1 ) and local area hotspots (data rate R 2 , R 2 ) R 1 ).
As an example (illustrated in Fig. 2 ), we can think of a MN attached to a cellular network (such as GPRS, EDGE or UMTS) approaching a public WLAN hotspot. Each mobile device has a dualmode terminal with interfaces to both (or even more) heterogeneous wireless networks. It is not evident when it is profitable to make a handoff: in the beginning of a transition region (i.e., the area where hotspot signal varies around the threshold), or in the end, or somewhere in the middle? How does the terminal velocity, the ratio of the effective data rates or the amount of handoff delay affect the mean throughput at the physical layer? And how does that affect the application layer: does the end-user experience a seamless handoff? Let us also assume that each mobile device has a dual-mode terminal which facilitates GPS positioning. Mobile terminals have limited battery power. Thus an unused local-area network interface may be closed down every time it leaves a hotspot area. How does a mobile node know when (more specifically: where) to wake up the local area network interface, considering especially the ''passing through hotspot'' scenario? Network Interface Card (NIC) may be in active, passive or dormant mode (to save battery power). Thus, implementing a wake-up procedure for the WLAN hotspot NIC may be needed, and GPS-based location information can be used for that.
If the cell size of the wide-area network is comparatively small, then it can be sufficient that the location-aware base station controller (BSC) signals to the mobile node (MN) that there is a hotspot in the same cell that the user is moving into, you may wake up the hotspot interface, and start active scanning. Also it is possible that the MN has two interfaces passively active all the time, listening to beacon signals to come from an AP or BS. However, if the cell size of the cellular network is much greater than the cell size of WLAN, then the power consumption of active scanning can become excessive. On the other hand, while not doing active scanning, the MN can miss a hotspot that it passes through. Location information can aid the optimal decision. As illustrated in Fig. 2 , a wake-up procedure is network-executed, and resides in the locationaware BSC. In practice location information resides in the SMLC, but we assume that the BCS is the entity where handoff decisions are made. The wake-up procedure can be combined with the algorithm decisions ''to enter'' (make a vertical handoff) or ''not to enter'' the hotspot (hotspot interface stays closed down).
We acknowledge several open questions in using GPS-based location information vertical mobility management, such as latency of the GPS position fix (it may take up to one minute to get a GPS position fix), additional battery and energy consumption due to continual GPS position scan, accuracy of location information (update frequency, terminal velocity), and potentially the uncertain possibility to alter the ''active scanning frequency'' in both GPS and in WLAN (may be operator manageable only). However, we leave these further considerations of wake-up procedure out of this article, and concentrate next on the handoff algorithms for joining and leaving hotspots.
Handoff algorithms for joining and leaving hotspots
The stages of ''passing through hotspot'' scenario are illustrated in Fig. 2 . At a point A, BSC can signal to the MN (assuming a wake-up procedure is used): you are approaching hotspot with velocity v: wake up the hotspot network interface card, and start active scanning. At a point B, BSC can signal to MN: you are very close to the hot spot edge: raise the active scanning frequency. At a point C, the received signal strength (RSS) gets above the receiver sensitivity for the first time. At this point a forward vertical HO algorithm is executed for joining the hot spot. It can be specially tailored for a moving-in scenario, to optimize, e.g., the mean throughput during the transition. At a point D and during the time spent in the hotspot, the MN uses the hotspot data service. In case of a multi-rate hotspot, the data rate can vary, e.g., depending on RSS within the cell. For example, IEEE 802.11b supports theoretical data rates of 1, 2, 5.5 and 11 Mbps. In practice the data rates are usually about half of that. At a point E, at the edge of the cell, the multi-rate drops down to 1 Mbps and the RSS starts to fall below the receiver sensitivity threshold. At this point a backward vertical HO algorithm is executed for leaving the hotspot. It can be specially tailored for a moving-out scenario, respectively as in moving-in. At a point F, location-aware BSC sees that the MN is getting further away from the hotspot and there are no other hotspots close. The BSC can now signal to the MN: close the hotspot interface.
In our model, the core handoff algorithms for both moving-in and moving-out scenarios are essentially the same. The algorithm in both cases can be divided into two sections by whether the handoff procedure is triggered in an early phase or not. In the power-based algorithms (Fig. 2) , the RSS value is first compared to the predefined threshold. Depending on whether the RSS is smaller or bigger than the threshold the handoff is executed or not, respectively. The power-based algorithm can be described as illustrated in Fig. 3 . In homogeneous network access, pure powerbased handoff generates what is called the pingpong effect, handoff back and forth between base stations or access points. In heterogeneous network access, some amount of ping-pong can be tolerated to maximize the mean throughput. The effective data rates in overlapping radio cells can be noticeably different [10, 11] . Therefore it may be beneficial to try to utilize this difference in data rates even in the transition region, thus maximizing the benefits of making a vertical handoff. In some cases the network may provide information to the MN as to whether it is profitable to make a vertical handoff or not.
Dwell-time (T D ) is a period of time during which the MN persists with a higher data rate system after the received signal strength falls below the threshold v. With a dwell-timer (Figs. 4 and 5) based handoff (HO) algorithm, partitioning the algorithm to the handoff and no-handoff parts is still valid and the only addition to the powerbased algorithm is running the dwell-timer when the RSS is below the threshold value. Our simulation results presented in Section 4 indicate that dwell-time should be tailored as a function of performance. The basic dwell-timer based algorithm can be described as follows (illustrated in Fig. 4 ):
In entering a hotspot (moving-in) one can add more to the algorithm in addition to using a dwell-timer. The Entering Hotspot Algorithm (EHA) is important for deciding whether the MN should make a handoff to the hotspot or not. In general, EHA decides ''to enter'' (make a vertical handoff) or ''not to enter'' a hotspot (hotspot interface close-down) by using estimated gain G in throughput as one decision criterion. The default handoff decision making policy is to make the handoff if G > 0 (assuming a operator owned hotspot with cost equal to a wide area connection). Optionally, the algorithm can provide several outputs, such as increasing the active scanning frequency (if the hotspot system allows altering that) when the MN is close to a hotspot. When considering a location-aware scenario, location information can be one input parameter for EHA. EHA can take into account other criteria, such as the velocity of the MN and the load of the hotspot, represented by parameters v (mobile velocity) and g 1 (throughput reduction coefficient for concluding the effective data rate in the hotspot).
Network load in a WLAN hotspot, indicated by parameter g 1 , can be evaluated in conjunction with the other decision criteria to perform handoff in an optimal way [6] . EHA may be the NEHO/ MAHO (Network Executed Mobile Assisted Handoff) algorithm. The MN updates its location and velocity to SMLC periodically with frequency f. Also WLAN AP can signal estimation of g 1 to SGSN and BSC where the calculations for decision-making are done. For example, assuming a UMTS voice or video call, it would be relevant to know how loaded the WLAN cell to be visited is. Making handoff to an unpopulated WLAN cell could increase the quality of service level of a video call. However, if the speed of the MN is high in comparison to a WLAN cell size, then the handoff would not provide added value to the user. In this paper we consider WLAN hotspots primarily adding value to maximizing throughput for non-realtime traffic such as download application, but real-time services can also benefit from roaming to WLAN for better quality of service. Decision criteria for real-time services are more prone to latency, thus requiring more real-time constraints to the handoff algorithm, too. For example, the maximum value of a dwell-timer needs to be limited for real-time traffic. In practice it may prove wise to allocate the voice traffic to a cellular network while making optimizations to data and multimedia traffic by roaming to hotspots. Similarly to EHA, the Leaving Hotspot Algorithm (LHA) takes advantage of the cross-layer information of RSS to trigger handoff. LHA can take into account the velocity of the MN and the network load in GPRS, represented by parameters v and g 2 . LHA is essentially a MEHO (Mobile Executed Handoff) algorithm, and resides in the MN. When the MN notices that hotspot RSS is weakening, LHA should use a dwell-timer as a function of performance. LHA decides ''to leave'' (make backward vertical handoff) or ''to stay'' in the hotspot by simply adjusting the dwell-timer value. Default handoff decision-making policy is basically the same as in entering a hotspot: as long as G > 0, stay in hotspot.
Transition analysis
We consider two simple-to-implement handoff algorithms in our analysis: one based on received signal strength and one based on using a dwelltimer, as described in the previous section. We do not consider location-awareness here because it does not affect the transition analysis with these two core HO algorithms. The performance of these algorithms is analyzed in transition regions of both moving-in and moving-out scenarios (Fig. 6) . The performance, measured as the mean throughput (bits/s), is a function of the terminal velocity (v), the handoff delay (D), and the ratio of the effective data rates (X).
Transition region
The area that requires special attention is what we call the transition region. If the two overlapping systems have significantly different effective data rates, it becomes important to utilize the system with the highest data rate to a maximum. In the transition region, the RSS, measured in the transceiver with certain sensitivity threshold v (such as À82 dB), goes up and down around this threshold. Transition region (T T ) refers thus to time and corresponding distance where the received signal strength dances around the threshold (v). In a moving-in (from GPRS/UMTS to WLAN) scenario, T T starts at the first time instant where RSS rises above threshold v, till the last instant where it was below the threshold. In moving-out (from WLAN to GPRS/UMTS) scenario, it starts at the first time instant where the received signal strength falls below threshold v, till the last instant where it is above it.
While the transition region is prone to communication errors above PHY layers, causing lost packets and retransmission both in the data link and transmission layers, our hypothesis is that if the ratio of the effective data rates is significant enough, that will compensate these effects to some amount. Time spent in the transition region is not known beforehand as it is related to the direction and speed of the movement. Understanding what happens in the transition region should be helpful for any programmer and system designer considering vertically overlapping access networks and seamless mobility across them.
As [12] points out, one technical solution is to use a predefined threshold of the WLAN RSS, and set the threshold to a value at which the transmission and reception of IP control information is close to becoming unreliable. The article also points out that ''the intelligence of the switching algorithm could be improved'' and that TCP (Transmission Control Protocol) results large disruption in times or low performance after vertical handoff between WLAN and GPRS. As TCP has well-known problems to cope with the varying conditions of wireless networks (too aggressive congestion control and error recovery mechanisms), we do not consider the specific problems of TCP in our analysis of the transition region. We assume some smarter form of TCP, used in this type of vertical (inter-access) mobility situation, can take into consideration the error-prone radio access in the transport layer.
Calculating throughput
In our simulations we approximate the network load of both GPRS/UMTS and WLAN cells and protocol overheads related to mobility management and inter-working functions. This is done by using abstraction g i which stands for the throughput reduction coefficient. Index number i is the number for the wireless system. g i is a product of several factors F i(k) . There are a total of K factors affecting the throughput in network i in the transition region. These factors include packet losses (which cause retransmissions), packet encapsulation and sending delays, packet delivery probability, protocol-payload ratio and the number of active users in the cell (network load). g i can thus be approximated as follows:
g i is mainly a theoretical, system-specific parameter, and is an approximation of the state of factors reducing the theoretical PHY throughput in the transition area and a combination of several factors. While this is not exact for modelling upper layer functionalities, it provides a means to analyze vertical mobility and handoff triggering algorithms in a unified analytical framework [16] .
T T1
T T1 Normalized throughput over the transition region T T when using a dwell-timer T D(i) can be formulated as in [11] 
where N i is the number of timeslots T i within the network i in the transition region. I denotes the total number of visited systems in the studied transition region. The effective normalized time spent in the network i is
By comparing Eqs. (1)- (3) we can easily see that F i is one factor of g i . The total throughput during the transition region T T is
Equivalently, the effective throughput s i in the system i is
The vertical handoff profitability between any two networks can be evaluated with parameter X, which is the effective throughput ratio [11] :
In our simulation environment, X values range from about five for UMTS, 10 for EDGE and 20 for GPRS, assuming a 1 Mbps theoretical data rate at the edge of WLAN cell, cellular data rates 160 kbps for UMTS, 80 kbps for EDGE and 40 kbps for GPRS. The throughput reduction efficient was 40% for WLAN and 50% for cellular networks. Mean throughput during transition (normalized over the transition area T T ) can be calculated as
where N i and N j are the number of timeslots T i and T j , respectively within the networks i (WLAN) and j (GPRS) in the transition region. Our analysis is not limited to GPRS, but includes also using EDGE or UMTS. Our focus is on comparing the mean throughput that a single user receives in the transition areas. Calculating the mean throughput in the transition region relates to the core handoff algorithms that were illustrated in Section 3, and Figs. 3 and 4. Dwell-timer T D is used only with GPRS networking, to persist in a WLAN network (i.e., in the higher data rate system). Throughput is calculated only when timeslot T i is greater than D 1 (handoff delay in making handoff from GPRS to WLAN) and when T j is greater than the sum of D 2 (handoff delay in making handoff to WLAN to GPRS) and dwell-timer T D .
Gain can be defined relative to various measured factors (such as throughput, cost, etc.), and can be used as a metric for optimal handoff decisions. We are mainly interested here in gain in throughput in transitions regions of the moving-in and the moving-out scenarios. Calculating gain inside a hotspot was left out of this article. We define gain in throughput as the amount of gained mean throughput during the transition region when making a vertical handoff to a hotspot, in comparison to what would have been obtained during that time period while staying in the lower data rate system. Gain factor G was defined in [11] as the ratio of total throughput in transition over throughput in the lower data rate system, but here we suggest changing the definition of gain to be the difference between throughputs in the overlay system versus what could have been obtained from the lower data rate system. Thus, gain can be calculated as
Zero gain in throughput is when
An ultimate criterion for making a vertical handoff in the transition region is whether there is a reasonable probability that G will be greater than 1. The statistical probability P(G > 1) can be a useful parameter for network operators or the MN to monitor in some specific cases, in particular in areas where multiple overlapping heterogeneous radio networks exist with nomadic users having a terminal equipped with multiple radio network interfaces. A mobile user can then choose the most profitable vertical handoff, e.g., from networks i + 1 and i + 2, by making this selection with regard to Max{G,I = 3} [11] . Systems of interest include variants of IEEE 802.11, 802.15, HIPER-LAN/2, GPRS, EDGE and UMTS. The evaluation of vertical handoff profitability returns to the corresponding durations T i and T i + 1 as identified in the derived rules for optimizing the throughput. A handoff from network i to i + 1 is profitable only if
A handoff back from network i + 1 to i is profitable only if
Thus, in addition to the gain factor G and the related statistical probability, one can also monitor these durations T i and T i + 1 and the related statistical probabilities. While this may not be a practical solution for a HO algorithm implementation, it may bring more information for the algorithm developers for fine-tuning their algorithms or finding adaptive solutions.
Results and discussion
All the results introduced in this section are obtained from the simulation model presented in the previous section. The throughput performance in the transition region for the power and dwell-timer based handoff algorithms are presented for the moving-in and moving-out scenarios. We compare the difference in gain in throughput for dwell-timer and power based algorithms to find out their sensitivity to the handoff delay and the velocity of the mobile terminal in proportion the ratio of the effective data rates of the networks involved.
The channel model in moving-out is based on an overlay model [13] that is a combination of an empirical two-slope path-loss model [14] and an exponential autocorrelation model [15] . Correlated log-normal shadow fading is used to model the large scale fading. In the moving-in scenario, the distance of the moving-out scenario [16] is reversed to produce the moving-in channel. The channel model for moving-out is pd ¼ p t À ½½2a logðdÞ þ 2b logðd=gÞ þ sðdÞ; ð12Þ where a = 10; b = 10; g = 150 m; s(d) is correlated log-normal shadow fading. Fixed parameters included hotspot (WLAN) range (r = 100 m) and sampling rate (10 RSS samples/s, timeStep = 1/ samplingRate = 100 ms). The number of simulation points and distance steps were functions of velocity. Adjustable parameters (variables) included nominal data rates R 1 and R 2 (e.g., 1 Mbps for WLAN and 40, 80 and 160 kbps for GPRS, EDGE and UMTS, respectively), throughput reduction coefficient for WLAN g 1 (= 0.4) and GPRS g 2 (= 0.5), ratio of effective data rates X = g 1 R 1 /g 2 R 2 , dwell-time T D (100 ms to100 s), velocity of the vehicle v (1, 2, 3, 5 m/s) and handoff delay D (100 ms to 10 s). The number of simulations was 500 for each simulation case. Long dwell-timer and handoff delay values can be interpreted as theoretical values emerging from the channel model used that produced quite long transition regions with the received sensitivity threshold value used.
Performance in the moving-in scenario
Results for HO algorithm sensitivity to the handoff delay and the velocity of the mobile terminal in moving-in scenario are shown in Figs. 7 and 8. Performance is measured as mean throughput during the moving-in transition in proportion to the ratio of the effective data rates. The dwell-timer is used only when making a vertical handoff from WLAN to cellular (i.e., to persist in the higher effective data rate system). It is assumed that in the moving-in scenario the dwell-time is no longer than the total sojourn time in the hot spot (this was just due to the fact that we used in the simulation very long dwell-timer values to get maximal statistical data). Fig. 7 shows how the increment of the dwell-timer affects the throughput in comparison with the power-based HO algorithm where the HO decision is based solely on the received signal power level and the predefined threshold value. In Fig. 7a the mobile terminal velocity is a constant 1 m/s and in Fig. 7b the same results are presented with a constant 5 m/s terminal speed. In both cases, the ratio of the effective data rates is five corresponding to UMTS-WLAN roaming. The figures show five different cases where the HO delay is varied from 100 ms up to 4s. The zero dwell-timer is equal to the power-based case but it is not shown in the figures due to the logarithmic scale chosen for the dwell-time axis.
The results show that it is not beneficial to increase the dwell-time beyond a certain point with small velocities as it affects the throughput in the defined transition region. This is the case with both small and large handoff delays and it is more severe with the small delays. This can be explained with the fact that a long dwell-time excludes the data from the slower network, assuming that only one NIC receives data during the transition at a time. When the ratio of the effective data rates is low (five or less), the usage of longish dwell-timer blocks the data that could have been received from the cellular data interface. Fig. 7b) shows the effect of increased velocity. Increased velocity makes the transition region shorter (it is traversed in shorter period of time), which directly decreases the amount of collected time samples within the transition region and thus results in lower mean throughput in the transition region. Clearly, the usage dwell-timer has limited value in such conditions, and the maximum value of the dwell-time is around 200-300 ms in these figures. The fact that the ratio of the effective data rates is quite low, indicating that the difference between effective data dates between the overlapping systems is not considerably big, naturally lessens the potential of using the dwell-timer in the used scenario in comparison to a simple power (RSS threshold) based HO algorithm. In fact, with small high handoff delay (more than 1 s), the added value of using dwell-timer becomes negligible. Only in the case of higher than pedestrian velocity and with low vertical handoff delay does the dwell-timer provide small additional gain in mean throughput. However, it must be noted that these simulation results are only for direction giving and that the selection of the simulation parameters naturally has an important role. The main point here is to say that when the ratio of the effective data rates is low, the usage of the dwell-timer has little or no value. It can even decrease the mean throughput and cause unwanted disruption to the data traffic. Thus in practice that value of the dwell-timer should be kept at minimum, yet aiming at a gain in mean throughput to an extent that is possible taken into consideration the application requirements for parameters such as maximum allowed delay and amount of retransmitted packets. Fig. 8 presents the throughput performance comparisons when the ratio of the data rates is 20 corresponding to GPRS-WLAN roaming. It can be immediately noticed that dwell-timer is now very effective especially with low handoff latencies and higher mobile velocity. This can be explained with the increased difference in the effective data rates. It is no longer beneficial to visit lower speed networks due to the penalty in time that making the HO takes. Higher velocity translates into shorter transition region in time, resulting in fewer RSS samples with a static sampling rate. Higher mobile speed increases the importance of collecting all possible RSS samples during the transition, thus making a difference in comparison to the power (RSS threshold) based HO algorithm. Increasing the dwell-timer without a limit is not a reasonable case for a real application, and the dwell-timer must naturally have a finite value. In our simulation model the maximum value can be increased to very high values. This just indicates that the MN is persisting in the WLAN from the first RSS sample it can access. Maximum gain in mean throughput is reached with a dwell-timer value around 1 s. As a numerical example, in Fig. 8 we see that when the MN velocity 5 m/s, the ratio of the effective data rates is 20 and the vertical handoff delay is 100 ms, gain in the mean throughput with 1 s dwell-timer is more than 10% (125-144 kbps) over the power-based algorithm.
One can note a clear difference between the results presented in Figs. 7 and 8, indicating a trend for benefits of using a dwell-timer when the ratio of the effective data rates is high. For example, one can think of a case when X > 20. This can be the case if, e.g., g 2 is much lower than 50% (as it can be in practice), or the overlaying hotspot provides higher theoretical data than 1 Mbps at the edge of the hotspot cell. Added to a robust transmission layer solution, e.g., tailored for using TCP in vertical handoff [17] , the usage of the dwelltimer HO algorithm becomes justified. At least, this type of algorithm can be a part of a more complex algorithm which may have, e.g., adaptive features. These results clearly indicate the need for an adaptive dwell-timer to adapt to varying conditions. Adaptive algorithms provide better performance in comparison to purely hysteresis-based approaches, which require look-up tables for adaptation [18] .
In general, the dwell-timer based HO algorithm seems to be less sensitive to the increase of velocity than it is to the increase of handoff delay. In other words, the increase in handoff delay seems to lessen the potential of using a dwell-timer in a moving-in scenario. Increase of the velocity seems to increase the potential of getting more gain in mean throughput by using a dwell-timer in the movingin transition in comparison to a power (RSS threshold) based HO algorithm.
Performance in the moving-out scenario
Results for HO algorithm sensitivity to the handoff delay and the velocity of the mobile terminal in the moving-out scenario are shown in Figs. 9 and 10. Similarly to the moving-in scenario, a dwell-timer is used only when making a vertical handoff from WLAN to cellular. While in the moving-in scenario transition region ends after the handoff to WLAN is executed for the last time and the handoff delay D has past, in moving-out one must consider when the dwell-timer ends. In the moving-in scenario, the dwell-timer ends when the MN sojourns in the WLAN cell, so it does not matter if it is longer than the transition region. But, in the moving-out scenario, the dwell-timer extends the transition region. We refer to this phenomenon as the post transition effect. Results in Figs. 9 and 10 illustrate clearly how the increased dwell-timer suddenly decreases the mean throughput in the moving-out transition region.
The behavior of the dwell-timer curves is very consistent on all the values of handoff delay as well as on both of the investigated mobile velocities 1 m/s (Fig. 9a) and 5 m/s (Fig. 9b) . The zero dwelltimer is again equal to the power-based case but it is not shown in the figures due to the logarithmic scale chosen. Fig. 10 shows the same results for the ratio of the data rates equal to 20 (GPRS-WLAN). As in the moving-in scenario, the dwell-timer HO algorithm provides better performance (i.e., gain in the mean throughput) when the ratio of the effective data rates is higher.
Interestingly, in the moving-out scenario the dwell-timer HO algorithm increases the gain in mean throughput in the transition region when the handoff delay increases, in comparison to the power (RSS threshold) based algorithm. These results indicate that the moving-in and the movingout scenarios are not equivalent. Indeed, the dwell-timer HO algorithm seems to be less sensitive to the increase of the handoff delay in the moving-out scenario than in the moving-in scenario. Also, the dwell-timer value that gives the maximum gain in throughput is noticeably different. In the moving-in scenario the maximum gain was reached with quite a long dwell-timer, around 1 s, whereas in the moving-out scenario the maximum gain was reached with a very small dwell-timer value close to our simulation model sampling rate of 100 ms. These results indicate that in the moving-out scenario, staying too long in the hotspot and thus prolonging the transition region quickly turns against itself due to the post transition effect.
As a numerical example, in Fig. 10 we see from the case where the velocity is 5 m/s, the ratio of the effective data rates is 20 and the handoff delay is 1 s, a 200 ms dwell-time gives optimal performance measured in mean throughput. The gain in throughput is more than 10% (67-79 kbps) over the power-based algorithm. Fig. 10a shows that the gain in mean throughput is lower if the velocity is low, and the optimal performance is reached with a 200-300 ms dwell-timer value.
Conclusions
In this article we have presented an architecture for the seamless location-aware integration of WLAN hotspots into cellular networks and provided an analysis for aiding optimal decisions for joining and leaving hotspots. Location-awareness can be used as an option in rural areas where cell area location management can be potentially enhanced with GPS positioning. Simulation results showed a comparison of the sensitivity of two core HO algorithms in relation to the mobile node velocity and the handoff delay in the moving-in and the moving-out vertical handoff scenarios. Using a dwell-timer based HO algorithm was compared to a power (RSS threshold) based HO algorithm. Higher velocity translates into a shorter transition region in time, resulting in fewer RSS samples with a static sampling rate. Higher handoff delay translates into lower mean throughput in the transition region. Simulation results showed that the usage of a dwell-timer was justified when the ratio of the effective data rates was significant. The dwell-timer algorithm was less sensitive to the increase of velocity in comparison to the powerbased algorithm. This was especially the case in the moving-out scenario. The moving-in and the moving-out scenario do not seem to be equivalent due to the post transition effect in the moving-out scenario. The dwell-timer algorithm seemed to be less sensitive to the increases of the handoff delay in the moving-out scenario than in the moving-in scenario. The optimal value of the dwell-timer was varying depending on the scenario and selected simulation parameters of MN velocity and handoff delay, thus indicating a need for an adaptive dwell-timer to adapt to these varying conditions. At least some sort of run-time configuration could be considered. The optimal dwelltimer parameters could be communicated with the presented architecture (e.g., from BSC to MN prior to the handoff based on statistical observations). The optimal dwell-timer value varies from our minimum sampling value (100 ms) to several seconds. These two core algorithms can be integrated with more handoff decision logic for joining and leaving hotspots. For real applications one has to consider the upper layer performance as well. The prototype architecture presented in this article and the vertical handoff performance with a more detailed analytical model requires further consideration, and this remains as future work.
